We present experimental data on multijet production near E T = 20 GeV. QCD calculations in the parton shower approximation ( PYTHIA) and in the next-to-leading approximation (JETRAD) show discrepancy with the data for three and four-jet production. This disagreement is shown to be consistent with the angular and transverse momenta of radiated jet "spectators" in the initial parton shower.
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The study of high transverse energy (E T ) jet production was one of the main goals of 1993-1995 Fermilab Tevatron Colliding runs. Multijet production was compared with leading order QCD theoretical predictions by both the CDF [1] and DØ [2] collaborations. These high E T data were described satisfactorily by a complete tree-level leading order 2 → N QCD calculations [3] and in the parton shower Monte Carlo approximation (the HERWIG program [4] ). (There is some overestimation of the rate of the inclusive jet p T distributions by HERWIG at intermediate p T for three-jet and for-jet events [1] .) In this paper we describe studies of the kinematic region Q 2 /S ≪ 1, where Q 2 could be approximated as E T 2 and S is the characteristic energy square in the jet production process. Here the BFKL [5] description of the physics differs significantly from that of the high E T DGLAP [6] kinematical region Q 2 ∼ S. Measurement of jet production in this kinematic region can provide information on the QCD mechanism and parton wave function of protons and antiprotons.
We present experimental results on multijet production with transverse momenta significantly lower than that of the previous works. The data were collected with the DØ detector during the 1993-1995 run at a center-of-mass energy of 1800 GeV. Jets were measured in the liquid argon calorimeter, which had a segmentation of ∆η × ∆φ = 0.1 × 0.1 [7] . The events passed the "Jet 12" trigger which included hardware (Level 1) and software (Level 2) energycluster based algorithms [8] . At least one trigger tower with E T ≥ 2 GeV was required at Level 1 and at least one jet with E T ≥ 12 GeV for the event to pass the Level 2 trigger. Jets were reconstructed using the cone algorithm with radius R = √ ∆η 2 + ∆φ 2 = 0.7 in (η − φ ) space. If two jets overlap, and the shared transverse energy is more than 50% of the transverse energy of the lower energy jet, the jets are merged; otherwise they are split into two jets. The online jet E T reconstruction threshold was E min T = 8 GeV. The integrated luminosity of this data sample was 1.96 nb −1 . The instantaneous luminosity was restricted in the data analysis to below 3 ×10 30 cm −2 s −1 in order to decrease the probability of multiple pp interactions.
To provide high quality events, online and offline selection criteria were used to suppress multiple interaction, cosmic ray backgrounds, and spurious jets. Jets were selected within the rapidity interval |η| ≤ 3.0. We consider only jets with E T ≥ 20 GeV. For an n-inclusive jet event, the n leading jets have transverse energy over the threshold value. The trigger efficiency equals ǫ ≈ 0.85 for the single-inclusive jet sample; the efficiency is near unity for higher multiplicities.
The jet energy calibration [9] corrects the jet energy according to the calorimeter response to hadron showers. This is the largest source of systematic uncertainty on the cross section. It agrees within about 8.5% with the jet production cross section shown in previous studies [10] . The value of this correction to the jet energy is (15 -30)%, and the accuracy of its calculation is about 3.5%.
Monte Carlo (MC) events were generated using the PYTHIA 6.127 [11] and JETRAD [12] programs. They give particle level jets in the parton shower approximation and parton level jets in the next-to-leading order approximation. The smearing of jet transverse energies has been carried out in the MC procedure with the experimentally obtained calorimeter resolution [9] . Typical energy resolution is ∆E T /E T = (19.0 ± 2.3)%. The QCD MC programs were interfaced with a simulation of the jet reconstruction on the particle level in the DØ detector [8] .
The experimental distributions for the transverse energy of the leading jet for n=1 to 4 inclusive jet events are shown in Fig. 1 together with the result of PYTHIA simulations. We normalize (by a factor of 1.3) the theory to the two-jet cross section data ( Fig. 1(b) ) for the region E T > 40 GeV. The fractional difference between the data and theory is shown in the plot of the ratio R=(Data -Theory) / Theory in Fig. 2 , together with the estimation for the systematic uncertainties due to the jet energy calibration and calorimeter energy resolution. The theory is in good agreement with the data for the single-inclusive jet sample in the entire E T interval, and with the two-jet sample for most of the energy interval (some excess of data is shown at low-E T ). The picture changes, when considering the three and four-jet samples. There is a strong excess relative to theory for the low side of the spectrum and some deficit in the high E T region. The shapes of the experimental and theoretical spectra are quite different and therefore, not reconcilable by normalization. The observed contradiction exceeds the statistical uncertainty.
The systematic uncertainty has two main parts: the uncertainty of the energy calibration and energy resolution uncertainty in MC. One can estimate the energy calibration uncertainty by considering spectra with the high and low energy scale correction to jet E T . The differences between "high" and "low" cross sections and the nominal cross section divided by the nominal cross section are shown in Fig. 2 by the solid lines. These provide a measure of the high and low boundary for the relative systematic uncertainty. Analogously, we use two variants of MC simulation ("high" and "low") for the energy resolution systematics estimation. These two variants were obtained by adding (or subtracting) the fiting uncertainty from the energy resolution. These uncertainties are not large enough to change the qualitative character of the discrepancy at low and high energies. The calibration uncertainty changes the three-jet result at 25 GeV by 36% and the resolution uncertainty by 17%. Because the systematic uncertainties are highly correlated in E T (a change of the cross section in one bin is accompanied with the corresponding change in the neighbour bin), the departure of the ratio from zero cannot be explained by systematic uncertainties.
Since the contradiction with PYTHIA takes place mainly for three and four-jet production, it is natural to suppose that the effect is connected with parton shower jet radiation. A "spectator" jet could be radiated prior to the hard interaction which produced two jets of approximately equal transverse momenta. To qualitatively explore shower jet manifestations, we turn to observations of azimuthal distributions, summary transverse momentum distributions, and three jet studies.
In Fig. 3(a) we plot the azimuthal difference between the leading two jets in events with two or more jets. Figure 3(b)-Fig. 3(d) shows the azimuthal difference between the first and second, first and third, and second and third highest E T jets in a three-jet event. In Fig. 3(a) we see the strong anti-collinearity (in the transverse plane) in two-jet events. The distribution widens in the three-jet sample (Fig. 3(b)-Fig. 3(d) ). The peaks are the result of kinematic constraint that the vector transverse momentum of the jets must sum to zero if they have been radiated in a hard QCD subprocess. PYTHIA generally reproduces the shapes. Nevertheless, there is a large number of events in the three-jet sample not consistent with the simulation. There is a significant contribution of three-jet events with two jets anti-collinear in the transverse plane (Φ = π). Fig. 4(a-c) show a strong imbalance. The excess jets in the data at low E T corresponds to events with large values of Q T 2 . If these events are removed, the three-jet data and theory agree at low E T but the discrepancy at the high energies remains. Such an imbalance could have been produced when two jets are created in the hard interaction and the third jet is radiated in the initial state shower as a jet-"spectator" or in the multiple final state jet radiation. To find the pair of jets {i, j} most likely to originate from the hard interaction, we use the scaled summed dijet vector transverse momentum: q ij = (p T i + p T j )/(E T i + E T j ). Here p T i and p T j are jet transverse momentum vectors. We choose the pair with the smallest magnitude of this vector and plot the distribution of the relative azimuthal angle Φ c between the jets in the pair (Fig. 5(a) ). The data are in excess relative to the theory in the region where two jets are anti-collinear. PYTHIA shows a broader distribution and JETRAD is peaked away from Φ c = π due to third jet radiation. Fig. 5(c) show the azimuthal separation of the third jet and the two jets with minimum q 2 ij . The distributions only include events for which π − Φ c ≤ 0.4; that are events for which the balanced jets are back-to-back or separated by about 180 degrees. If the third jet is correlated by showering or radiation to the balanced jets it will be along or opposite the balanced jets. If the third jet is a "spectator" it will be found at all relative angles. We see the data has a wider distribution than PYTHIA and much wider distribution than JETRAD, in accordance with "spectator" jets.
Distributions of the square of the summed vector transverse momentum of jets
The data has been calibrated and corrected for selection inefficiencies. The jet energy resolution was applied to MC. The data was not corrected for contributions from underlying events. In spite of the fact that such corrected cross sections could be more directly used in comparing the data with the partonic-level theory, this would complicate the comparison with PYTHIA. Moreover, such a correction to the data carries some model dependence. It is seen in Fig. 5 that the shapes of the experimental and theoretical angular distributions cannot be reconciled by calibration and resolution uncertainties. The theoretical ambiguity connected with the beam remnants or underlying event is small and can not explain the difference with the data. Multiple parton interactions may increase the theoretical cross section, but do not change the shapes of the distributions. There is the peculiarity in the two-jet Q T 2 spectra in Fig. 4(a) , that is not connected directly with the low E T data-theory discrepancy. The shoulder in the two-jet Q T 2 beginning at Q T 2 ≈ 1500 GeV 2 can be traced to soft and higher order radiation. Figure 6 (a) and Fig. 6(b) shows the shoulder disappears if events with soft jets are removed.
In summary, the experimental data demonstrate discrepancies with PYTHIA and JE-TRAD programs for multijet events. This is seen in the distributions of the leading jet transverse energy in Fig. 1 , the square of the summed vector transverse momentum Q T 2 in Fig. 4 , and in the three-jet angular distributions in tagging the jet pair with the minimal scaled transverse momentum (Fig. 5) . These disagreements are consistent with the radiated jet "spectators" in the initial parton shower. We do not see any systematic uncertainties and theory ambiguities which could mimic the results. The transverse momenta of jets are large enough for perturbative QCD. Candidate explanations for these results are high-order corrections in DGLAP or BFKL formalisms. We thank the staffs at Fermilab and collaborating institutions for their contributions to this work, and acknowledge support from the Department of Energy and National Science Foundation (U.S.A.), Commissariatà L'Energie Atomique (France), State Committee for Science and Technology and Ministry for Atomic Energy (Russia), CAPES and CNPq
